Fusarium graminearum causes the devastating plant disease Fusarium head blight and produces mycotoxins on small cultivated grains. To investigate the timeframe of F. graminearum infection during rice cultivation, a spore suspension of F. graminearum was applied to the rice cultivars Dongjin 1 and Nampyeongbyeo before and after the heading stage. The disease incidence rate was the highest (50%) directly after heading, when the greatest number of flowers were present, while only 10% of the rice infected 30 days after heading showed symptoms. To understand the mechanism of infection, an F. graminearum strain expressing green fluorescent protein (GFP) was inoculated, and the resulting infections were visually examined. Spores were found in all areas between the glume and inner seed, with the largest amount of GFP detected in the aleurone layer. When the inner part of the rice seed was infected, the pathogen was mainly observed in the embryo. These results suggest that F. graminearum migrates from the anthers to the ovaries and into the seeds during the flowering stage of rice. This study will contribute to uncovering the infection process of this pathogen in rice.
Fusarium head blight (FHB) affects cultivated grains such as rice, wheat, and barley. This infection is caused by the pathogen Fusarium graminearum [1] , which is found all over the world, including Brazil, China, India, Japan, and Nepal [2] . In southern Korea, a severe epidemic of FHB in rice caused by F. graminearum occurred in 2001 after a heavy rainfall during the rice flowering period [3] . It has been reported that F. graminearum lineage 6 dominates in the warmer southern regions of the Korean peninsula where barley is grown, which is consistent with the previously reported dominance of F. graminearum lineage 6 in warmer climates [3] .
The occurrence of Aspergillus and Penicillium spp. was reported in rice processing complexes in 2005-2006 [4] , and Aspergillus, Penicillium, and Fusarium spp. have been found in the by-products of rice processing [5] . In addition, Aspergillus, Penicillium, and Fusarium infections were detected in rice kept in a rice processing complex in 2009 [6] . Thus, most reports of these fungal infections have pertained to cereals during storage for distribution. There has been little research into the timing and mode of FHB infection during rice cultivation.
Members of the F. graminearum species complex are known to cause diseases such as head blight, scab, and ear blight in barley, rice, maize, cucumber, potato, bean, and various cereal crops [7] [8] [9] [10] . These fungi produce mycotoxins such as deoxynivalenol, nivalenol, and zearalenone [11] [12] [13] [14] . These toxins are known to cause digestive disorders and to lower immunity and fertility when consumed by humans or livestock [14] .
Recently, the occurrence of FHB has been increasing in rice fields before and after heading due to increased temperatures and rainfall [3] . FHBinfected ears of rice become irregular in shape and lightweight. Later in the infection, the infected ears change color to yellow, salmon, or brown, and in severe cases, the whole grain turns brown ( Figure 1 ). Until recently, the occurrence of FHB in rice was reported mainly from areas of former barley and wheat cultivation [15] . However, in recent years, rice FHB has been found in areas of rice single cropping. Thus, research on the physiology and ecology of rice FHB, as well as barley and wheat FHB, is essential for the development of methods to control this disease. Research on FHB occurrence in barley has been conducted in the past, but rice FHB has rarely been documented. However, when a survey of the occurrence of FHB in rice fields was conducted by the National Institute of Crop Science in an area where barley FHB disease had occurred in 2005, 25.8% of the study area was found to be infested with FHB.
In wheat, susceptibility to FHB is thought to be highest during the heading period, but such details of the infection method have not yet been experimentally determined in rice [16] . To investigate whether rice plants are also most susceptible to FHB infections during the heading stage, we examined the disease severity that resulted when inoculating pathogens before and after the rice heading period. The stages chosen reflect the fact that the flowering and grain-filling stages of rice begin within one to five days after heading and that grain filling is complete within three weeks. Additionally, to identify the infection sites in rice seeds, F. graminearum strain Z39G418, which expresses green fluorescent protein (GFP) in the wild-type background (z3639), was used for inoculation [17] .
The cultivars used in this experiment were Dongjin 1 and Nampyeongbyeo, which are heavily affected by FHB. The plants were cultivated in a greenhouse from seed sterilization until shortly before the heading stage; the plants were then inoculated with FHB pathogens. Inoculation was performed with a 1 Â 10 5 /mL spore suspension of F. graminearum strains z3639 and Z39G418 at four developmental stages: before heading, immediately after heading, 10 days after heading (milky stage), and 30 days after heading (mature stage). After inoculation, the plants were covered with polypropylene bags for 2 days as a wet treatment. Then, the disease incidence was checked after 7 days (Figure 2) . Spores of the FHB pathogen F. graminearum in the wild are carried to plant spikes by wind or splashing water, and they enter plants mostly through the flowers. Wheat, barley, and other grass species are most susceptible to FHB infection starting at the flowering stage (anthesis) [18] .
In addition, FHB pathogens are known to be transferred to the ovary via contaminated pollen, and then the disease can spread throughout the plant [19, 20] . In the present study, an infection rate of at least 10% was found after inoculation in all stages, from the period before heading to 30 days after heading, regardless of the rice cultivar. The disease incidence rate was the highest after heading, at approximately 50% (Figure 2 ). Our data are highly similar to the results of Kang et al. [16] . This high disease rate can be attributed to the fact that more than 80% of the flowers will bloom at this stage and that most of the pollen is exposed. In the case of rice inoculated 10 days after heading (milky stage), the pathogen detection rate was 23-30% ( Figure 2) . Even when the plants were inoculated 30 days after heading, the detection rate was approximately 9-10%, though almost all the flowers were withered and lacking pollen. The pathogen appeared to infect the glumes and spread from there into the host plants. FHB infection was most effective during the peak flowering time of rice, but infection was still possible well after flowering.
Recent studies have shown that the anthers and ovaries are the primary sites of infection for F. graminearum. In addition, the adaxial sides of Comparison of pathogen detection rates between the F. graminearum wild-type strain z3639 and the GFPexpressing strain Z39G418. The strains were tested on two rice cultivars (Dongjin 1 and Nampyeongbyeo) and inoculated at different rice developmental stages before and after heading, over three replicates. Duncan's test was used to determine significance at the 95% probability level. The same letters indicate no significant difference between results.
glumes are accessible infection sites where spores can attach and spread further [20] . To investigate whether the FHB pathogen can proliferate in rice and to determine the susceptibilities of different rice growth stages, an F. graminearum strain expressing GFP in the wild-type background was used for further inoculation.
The GFP-expressing strain was inoculated at different stages of rice development, and there was no significant difference in the disease detection rate between different stages, except for the period just after heading (Figure 2) . Although the GFP-expressing strain showed a lower infection rate after the heading stage compared to the wild type, GFP was instrumental in discovering the infection sites in rice. Infection sites were studied by inoculation of the rice cultivars Dongjin 1 and Nampyeongbyeo at the following stages: before heading, directly after heading, and 10 days after heading.
The diseased ears were collected and fixed with formaldehyde-acetic acid-ethanol (FAA). Paraffin sections were made with a microtome (Shandon MT-960; Thermo Shandon Inc., Pittsburgh, PA, USA). GFP localization was examined by fluorescence microscopy (Leica DMRE; Leica Microsystems, Wetzler, Germany) and confocal microscopy (Leica MZ16A; Leica Microsystems, Wetzler, Germany). Inoculated seeds were dissected to separate the seed coat, endosperm and embryo, and then the GFPexpressing pathogen was surveyed ( Figure 3) .
The largest amount of fungal material was detected in the endosperm (30%) when the pathogen was inoculated after heading or 10 days after heading. This suggests that the pathogens could penetrate the gaps between the inner and outer parts of the glumes, resulting in the growth of pathogens in the endosperm. GFP-expressing pathogens were detected at a rate of approximately 10% Figure 3 . Detection rates of the FHB pathogen in seeds following inoculation with the GFP-expressing strain Z39G418 at different rice developmental stages before and after heading, over three replicates. Duncan's test was used to determine significance at the 95% probability level. The same letters indicate no significant difference between results. in the seed coat. Before heading, even if a large inoculum of the FHB pathogen was present in the air, spores could not settle on anthers to be transmitted to the seeds. However, when the number of exposed flowers was the highest, after heading, the rates of seed colonization and GFP detection were also high. Many flowers had disappeared by 30 days after heading and the number of pathogens invading seeds also decreased. In other words, seed colonization correlated with the number of open flowers. Next, seeds showing symptoms of FHB were cut using a microtome to examine the pathogen infection sites under a fluorescence microscope, and FHB pathogens were detected in several parts of the seed (Figure 4) . In rice, the FHB fungus proliferated mainly between the seed coat and the endosperm, and spores formed in the seed coat (Figure 4) . Together, these results suggest that rice FHB pathogens initially infect the anthers then spread to the ovaries via the pollen and proliferate in the seeds, as is the case for barley. Our analysis will contribute to uncovering the infection process of the FHB pathogen in rice.
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